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Cold hardiness, or the ability of an organism to withstand low

temperature may be considered from two points of view, (i)

cold hardiness to the intensity factor or the ability to survive ex-

treme low temperatures, and (2) cold hardiness to the quantity

factor or ability to withstand long periods of low temperature.

By low temperature is meant, temperature below that required for

normal development.

The Japanese beetle, which was introduced into the United

States about 1916, can be secured in large numbers, thus making
intensive study possible. This insect represents a type of ecolog-

ical group, the soil dwelling insects. It passes the winter in the

larval stage; about 97 per cent, in the third instar; about 3 per

cent, in the second. Cold hardiness to both the quantity and in-

tensity factor of low temperature was studied. Both external

and internal factors are involved in cold hardiness. These in-

clude such environmental factors as relative humidity and tem-

perature, and such physiological conditions as nutritional state,

health, blood conductivity and metabolic rate. Most of the work

was done on larvae. Some studies were made on adults and a few

observations were made on cold hardiness in pupae.

METHODSAND APPARATUS.

Respiratory rate and quotient were determined by the modified

Krogh manometer of Bodine and Orr (1925). Conductivity of

blood and body fluids was determined by the ionometer, described

by Gram and Cullen (1923). pH was determined with the type

K potentiometer, using a small vessel capable of testing the pH of

a drop. By this method several readings could be taken on the

same larva. This method was described by Bodine and Fink
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(1925). Occasionally a larva was found that would not bleed

freely enough to give sufficient blood for a reading. Blood was

usually taken from one of the feet. Relative humidity was main-

tained by pulling air over different concentrations of sulfuric acid

by means of a suction pump.

COLD HARDINESS TO THE INTENSITY FACTOROF Low TEMPERA-

TURE.

In comparison with the oak borers previously studied by the

author, Payne (1926), the Japanese beetles are less cold hardy and

also exhibit less variation to low temperature. In Pennsylvania

the most cold hardy Japanese beetle withstood - - 28 C. : the most

cold hardy oak borer - - 47 C. The most cold hardy Japanese

beetle collected in the field thus far withstood - -
15 C.

Periodicity in cold hardiness to the intensity factor of cold is

not as marked in the Japanese beetle as in the oak borers Synchroa

punctata and Dendroidcs canadcnsis. Comparison of the three

species in question tested at the same dates is shown in Table I.

Conditions other than seasonal which modify the cold hardiness

of the Japanese beetle to the intensity factor of low temperature

are (i) degree of dehydration, (2) disease incidence, (3) nu-

tritional state, and (4) temperature at which the larvae were

kept. Although these larvae are seldom collected in dry places

normally, they are able to withstand a high degree of dehydra-

tion. Larvae dried down to a pulpy condition in which the free

water is reduced to a minimum are cold hardy to both intensity

and quantity factors of low temperature. Severe dehydration is

accompanied by a high death rate. Larvae can be dried down to

one third of their body weight. In the dehydrated condition the

Japanese beetle larvae reach their greatest cold hardiness. Since

eighty per cent, of dehydrated larvae die the effect of dehydration

may be considered highly selective, killing off those larvae unable

to'hold water. Those larvae capable of resisting dehydration are

cold hardy. Relative humidity affects cold hardiness in a de-

cided manner. The results of a series of different experiments

with varying relative humidities is shown in Table
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TABLE II.

1 '.\DucrrviTY OK BLOOD OF JAPANESE BEETLE LARVAE KEPT AT DIFFERENT

TEMPERATURES.

(Conductivity shown in % NaCl equivalent uncorrected for protein.)

oC.
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TABLE III.

EFFECT OF DIFFERENT RELATIVE HUMIDITIES ON CONDUCTIVITY AT

TEMPERATUREOF 22 C.

(Conductivity shown in % NaCl equivalent uncorrected for protein.)

Saturation.
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oration or wilting, and may be producing conductivity changes in

the blood before other symptoms can be observed. A graph

showing the relationship between day of apparent infection and

blood conductivity is shown in Fig. 2.. Table IV. shows the re-



-Q NELLIE M. PAYNE.

TABLE IV.

CONDUCTIVITY OF HEALTHY AND DISEASED JAPANESE BEETLE

(Conductivity shown in % NaCl equivalent uncorrected for protein.)

Wilt Disease. Healthy. Blackened by Freezing.

OT
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cell walls were not in evidence. The direct cause of death from

extreme low temperature has been interpreted as due to an irre-

versible change in permeability rather than to a breaking of the

cell walls.

If larvae capable of surviving low temperature are ground up

and filtered and the filtrate precipitated with lead acetate, there

occurs in the filtrate an enzyme capable of breaking proteins down

to amino acids at low temperatures and of building up proteins

from amino acids at high temperatures. A similar enzyme has

also been found in tussock moth eggs. Reversible reactions with

proteases have been reported by Abderhalden (1914) from auto-

lyzing tissues. Taylor (1909), found that a protein
; '

plastein
"

could be formed from albuminose and proteolytic enzymes.

The reversible reaction of starch to sugar at low temperatures

and sugar to starch at high temperatures is a well known reaction

that takes place in potato storage. The cold hardy mechanism

of these larvae studied may. in part, be due to enzyme action which

transforms large protein molecules into smaller amino-acids. The

larger number of osmotically active units thus formed would lower

the freezing point.

Periodicity to cold hardiness is not as marked in the Japanese

beetle as it is in some of the insects that are exposed to extremes

of low temperature. Larvae of the Japanese beetle live close

enough to the surface of the ground to experience some seasonal

change. During the spring and fall they are in addition subjected

to diurnal temperature change. Cold hardiness in the larvae ap-

pears to be closely related to their environment. These or-

ganisms are somewhat seasonal in their resistance to low tem-

peratures. This periodic cold hardiness is shown in Table I.

Comparison with oak borers and aquatic insects is shown more

fully in a previous article by the author (Payne, 1926). Al-

though the larva stage is the only one which overwinters in this

climate, it was thought that studies on the cold hardiness of the

adults would yield valuable material for the comparison of a stage

exposed to winter conditions and a stage not normally exposed.

Adults captured in summer and frozen without previous condi-

tioning were able to survive ice formation within their tissues

and to survive temperatures as low as - - 20 C. Since it was im-
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possible to obtain enough blood from the adults to make a con-

ductivity reading none were made.

A beginning was made on the study of cold hardiness of the

Japanese beetle pupae. From present observations the age of the

pupae and consequently the degree of hydrolysis they are under-

going determines cold hardiness.

No changes in blood pH were found to be associated with cold

hardiness in healthy larvae. The pH obtained from a series of

blood samples is shown in Table V. In the early stages of wilt

TABLE V.

PH OF JAPANESE BEETLE LARWEBLOOD THIRD INSTAR.

Each reading is an average of 3.

Healthy. With Wilt Disease.

6.5 5-8

6.78 5-7

6.92 5.56

6.94 6.

6.5 : 5-Qi

7.16 5-82

7-i8 5-83

6.66 5-97

6.77 6.1

7-1 5.84

7-17 5-92

7 5-96

6-54 5.98

6.66 5.96

6.82 5.94

7 5-9

6-35 5-84

6.51 5-97

7-i 5-95

7-i

disease the pH was lower than in healthy larvae. In the late

stages of the disease the larvae were in such condition that it was

difficult to obtain blood by cutting off the feet.

The respiratory quotient tends to be high in both cold hardy

and non-cold hardy specimens, ranging from .67 to .72. The

respiratory quotient of starving larvae tended to be higher than

well fed larvae regardless of the temperature at which they were

kept. The respiratory rate in larvae in which cold hardiness had
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been induced was much lower than in the non-cold hardy indi-

viduals. Associated with the low respiratory rate of hibernating

forms was the slight change in body weight occurring over a

period of several months, as shown in Fig. i.

COLD HARDINESS TO THE QUANTITY FACTOROF Low
TEMPERATURE.

Both the second and the third instars of the Japanese beetle

larva are cold hardy to the quantity factor of low temperature

except directly after molting or when the digestive tract is clear.

Larvae are markedly adapted to withstand long periods of low tem-

perature. At the present writing there are still ten larvae alive

of one hundred which were placed at -|- 10 C. on December 6,

1925. These larvae have now been kept over two years below

their developmental temperature. Similar lots have been kept

from six to twelve months at -f- 10 C. Graphs showing the

number of larvae surviving plotted against time in months in these

experiments are shown in Fig. 3.

The relationship between survival for long periods at low

temperatures and cold hardiness to the intensity factor of low

temperature is shown in Table VI. The two types of cold hardi-

TABLE VI.

SURVIVAL AFTER FREEZING OF JAPANESE BEETLE LARV.TI.

Kept at constant temperature of + 10 C. for varying periods of time.

Length of Time Kept
at + 10 C.
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SURVIVAL OF POPILLIA
AT 10 C.

^o

10 45678
TIME IN MONTHS

FIG. 3.

9 10 II \&



Col. I) HARDINESS IN THE JAPANESE BEETI.K. [75

Long periods of dormancy accelerate development when the larva-

kept at low temperatures are raised to developmental tempera-

tures. Blood conductivity at first rises, then falls after two or

more months when larvae are placed at or below -)- 10' C.

The effect of rapid alternation between high and low tempera-

tures on cold hardiness was tried with one hundred third instar

larvae. Temperatures of o C. and -j- 30 C. were alternated

every twenty- four hours for one month. Neither of these tem-

peratures is fatal. As controls one hundred larva- were kept at

o C. and one hundred at -j- 30 C. None died at -f- 30 C.

Those alternated between -|- 30 C. and o C. died more rapidly

than those kept at o C. Results of these experiments are shown

in Fig. 4. In larva? which had been exposed to wilt disease alter-

nating temperature had no effect ,on length of life. None of

these larva; lived longer than ten days except when they were

kept at or below o C. Healthy larvae were considered exposed

when they had been bitten by larvae having wilt disease.

The respiratory quotient of larvae cold hardy to the quantity

factor of cold was somewhat variable but not connected to length

of survival at low temperatures. In larvae with clear digestive

tracts it tended to become lower. In larvae kept at -(- 10 C. it

ranged from .69 to .73, or slightly higher than in larva- cold hardy

to the intensity factor of low temperature. In larva- with clear

digestive tracts low respiratory quotients were associated with

lack of cold hardiness.

Low respiratory rate is associated with cold hardiness to the

quantity factor of low temperature. Changes in body weight, as

has been stated before, were very small with larva- kept for IOHL;

periods of time at + 10 C. These changes occurring in differ-

ent states of nutrition and under varying temperature and hu-

midity conditions are shown in Fig. I.

Dehydration of larvae is associated with cold hardiness to the

quantity factor of low temperature as well as to the intensity fac-

tor of low temperature. Dehydration beyond two thirds of the

body weight decreases cold hardiness to the quantity factor of

low temperature. Over dehydrated larva- lived but one day at

20 C. and not more than three days at -f 10 C. or not move

than four days at o C. Dehydrated larvae have been kept for

12
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one year at -f- 10 C. The experiment has not been continued

long enough to determine whether or not dehydration increases

the cold hardiness to the quantity factor of low temperature.

Untreated larva are able to live two years or more below their

developmental temperature. Dehydrated larvae show very nearly

the same death rate as undehydrated ones.

LITERATURE.

Since the literature pertaining to cold hardiness has been re-

cently brought together it seems hardly necessary to make a de-

tailed list and discussion of it. Robinson (1927) has discussed

and given experimental data on water binding capacity as a factor

in cold hardiness. Robinson (1926), and the author (1926) have

summarized the literature. Hibernation in regard to both its

ecology and physiology has been recently treated by Fink (1925),

Townsend (1926), and Holmquist (1926).

From a survey of the literature it would appear that no one

factor is an adequate measure of cold hardiness. The develop-

ment of a cold hardy from a non-cold hardy insect is a deep-

seated physiological process which affects blood, and body fluids,

respiratory rate and permeability. Nutritional state and environ-

mental conditions also influence cold hardiness.
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SUMMARY.

i. Cold hardiness, both to the intensity factor and to the quan-

tity factor of low temperature, were studied in the second and

third instars of the Japanese beetle. Brief observations were

made on pupse and adults with regard to cold hardiness.
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2. Japanese beetle larvae are somewhat periodic in their cold

hardiness to the intensity factor of low temperature, less so than

the oak borers previously studied and more so than the aquatic

insects.

3. Disease incidence, nutritional state, and degree of dehydra-

tion are associated with cold hardiness to the intensity factor of

low temperature.

4. Development of cold hardiness to the quantity factor of low

temperature is associated with loss of cold hardiness to the in-

tensity factor except in extremely dehydrated individuals.

5. Marked permeability changes associated with enzyme action

occur at the vital temperature minimum.
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